This paper describes a fault tree technique based on generalized fuzzy numbers to a possibility distribution of reliability indices for power systems. Due to uncertainty in the collected data, all the failure probabilities are represented by generalized trapezoidal fuzzy number. In this paper, the fault-tree incorporated with the generalized trapezoidal fuzzy number and minimal cut sets approach is used for reliability assessment of power systems. An example of gas power plant is given to demonstrate the method. By using this approach fuzzy system reliability can be analyzed in a more flexible and more intelligent manner.
Introduction
For fast technology innovation, the developments of new products are becoming much complicated not only due to its system functioning but also because of its system components. Therefore, the system reliability analysis is an important issue for academic research and practice. In the beginning, the idea of reliability of a system or a machine or a person was based on theoretical discussions. Later on, a mathematical shape was given to the concept of reliability of a system. The mathematical development of reliability gave thrust to many ideas in the field of electrical, mechanical and electronics engineering and allied industries. Fault tree analysis (FTA) is a powerful diagnosis technique and is widely used for demonstrating the root causes of undesired event in system failure. The concept of fault tree analysis was developed by Bell telephone laboratory in 1961. It is widely used in many fields such as in nuclear reactors, chemical and aviation industries [3, 10, 11, 14] . Singer [16] presented a fuzzy set [20] approach for fault tree and the reliability analysis in which the relative frequencies of the basic events are considered as fuzzy numbers. Chen [8] presented a new method for analyzing the fuzzy system reliability using fuzzy number arithmetic operations. Pan and Yun [15] used the fuzzy set theory for modeling the fuzzy system structure and proposed the new procedure to calculate the system reliability. Chanda and Bhattacharjee [5] presented a fuzzy fault tree based reliability analysis of an optimally planned transmission system. Verma et al. [17] proposed vague lambda tau methodology to evaluate the relaibility and risk analysis of compressor system. Verma et al. [18] optimized the reactive power control variables by using fuzzy linear programming and by considering the voltage collapse phenomena in the existing framework of Bulk Power System Reliability Evaluation (BPSRE). Chang et al. [6] developed a novel approach by incorporating digraph models, fault trees and fuzzy inference mechanisms in a unified frame work to relieve the online computation load. Bai and Asgarpoor [1] described a fuzzy-based analytical method and a fuzzy-based Monte Carlo simulation (MCS) technique to obtain a possibility distribution of reliability indices for substations. Huang et al. [11] proposed a model of posbist fault tree analysis of coherent systems whose failure probability is extremely small. Volkanovski et al. [19] proposed a new method for power system reliability analysis using the fault tree analysis approach. In most of the papers generalized fuzzy numbers are converted into normal fuzzy numbers through normalization process [12] and then obtained normal fuzzy numbers are used to solve the real life problems. Kaufmann and Gupta [12] pointed out that there is a serious disadvantage of the normalization process. Basically we have transformed a measurement of an objective value to a valuation of a subjective value, which results in the loss of information. Although this procedure is mathematically correct but it decreases the amount of information that is available in the original data, and we should avoid it. Therefore, in this paper, the fault-tree analysis incorporated with the generalized trapezoidal fuzzy number is used for reliability analysis of gas power plant. The rest of the paper is organized as follows: In Section 2, the basic definition, arithmetic operation of the generalized fuzzy number are presented, while the basic theory of fault tree analysis and minimal cut sets approach are presented in Section 3. In order to illustrate the described approach, this paper considers an example of gas power plant presented in Section 4. The final section makes conclusions. 
Preliminaries

Basic definitions
Definition 2.3. [9] , The α-cut A α of the generalized fuzzy setÃ in the universe of discourse X is defined by
For example, Figure 1 shows a fuzzy number with α-cut, where 
Arithmetic operations between two generalized trapezoidal fuzzy sets
LetÃ 1 = (a, b, c, d; w 1 ) andÃ 2 = (e, f, g, h; w 2 ) be two trapezoidal fuzzy numbers, then 3 FTA basic concepts
Faut tree symbols
The components used to generate the fault tree is shown in Figure 2 and described below: (a) 
Minimal cut set approach [10]
Minimal cut sets (M CS s ) constitute the simplified fault tree through the Boolean operation. To determine the M CS s of a fault tree, the tree is first transformed to its equivalent Boolean equations and then either the "top-down" or "bottom-up" substitution method is used. Any fault tree consists of a finite number of (M CS s ), which are unique for the top event. The minimal cut set expression for the top event can be written in the general form,
where T OP is the top event and M CS i is the i th minimal cut set and k is the number of M CS i . Each minimal cut set consists of combination of specific basic events and hence in general n-component minimal cut set can be expressed as
where X i is the i th basic event and n is the number of basic events in a minimal cut set.
Fuzzy reliability analysis of gas power plant
Overview
In this section, an illustrative example of a gas power plant is presented in order to demonstrate the procedure that is proposed in this paper. The first step is to construction of the fault tree of a gas power plant that allows the definition of the functional/logical links between the equipment subsystems. Although all gas turbines possess essentially the same subsystems, such as compressor, combustion chamber, alternator (generator) and turbine, still there are differences between the technologies used by the manufacturers; therefore the fault tree must be developed for each specific gas turbine model. The failure events and different components [2, 4, 7] of a gas power plant are represented by different symbols that are shown below in Table 1 . The fault tree of a gas power plant is shown in Figure 3 , was divided into six main subsystems: air inlet, compressor, combustion, turbine, generator and governing (start/stop subsystem). Table 1 Failure events of a gas power plant. Those subsystems are further divided into components as shown in Figure 4 to Figure 9 , each one performing a specific function in connection with the subsystem main function. A failure in a component at the bottom of the fault tree affects all subsystems above it, causing a possible degradation in the system operation. The fault tree was developed according to the operation manual furnished by the manufacturer. At last using the minimal cut set approach the reliability of a gas power plant is evaluated in the terms of the bottom events of the constructed fault tree. This research uses logical "AND" and "OR" gate for connecting the fault tree of a gas power plant.
Fuzzy reliability evaluation
Using crisp reliability approach [10]
In this approach, the fuzzy probabilities of different components are represented by crisp value. Using data presented in Table 2 (taking (
)) , fault tree shown in Figure 3 to Figure 9 and minimal cut sets, the probability of failure of the top event ′ F ′ is obtained by:
So, reliability of the system ′ R ′ = 1 − P (F ) = 0.8881.
Using fuzzy fault tree approach [1]
In this approach, the fuzzy probabilities of different components are represented by fuzzy numbers. Using arithmetic operation of trapezoidal fuzzy numbers [1] , data presented in Table 2 (assuming truth membership value as 1) and minimal cut sets (Eqs. (3.1) and (3.2)), the probability of failure of the top event ′ F ′ is obtained by: Table 2 Basic events failure probability in the form of generalized trapezoidal fuzzy number. 
Using generalized fuzzy fault tree approach
In this approach, the fuzzy probabilities of different components are represented by fuzzy numbers. Using arithmetic operation of trapezoidal fuzzy numbers given in Subsection 2.2, data presented in Table 2 and minimal cut sets (Eqs. (3.1) and (3.2)), the probability of failure of the top event ′ F ′ is obtained by: 
Discussion
The results obtained in Section 4. Table 3 . The membership functions representing the fuzzy reliability of a gas power plant are shown in Figure 10 . In crisp reliability method, the reliability of top event is equal to 0.8881 at all value of α , its means this method does not consider any vagueness present in the data. This method is fit where the data is precise and certain. In fuzzy fault tree method, the value of reliability vary according to values of α but this method does not consider the confidence level of domain experts (highest confidence, α = 1). The proposed method considers confidence level of domain experts (α ≤ 0.5). Therefore, the proposed method can be more flexible. The fuzzy fault tree approach is a special case of the proposed approach. Table 3 Results of the existing methods corresponding to different membership values. 
Conclusion
The fault tree for the gas power plant is constructed and due to uncertainty all the collected data are represented by generalized trapezoidal fuzzy number. Minimal cut set approach is used to remove the repetition of the events from the expression for the top event and a modified expression is obtained in terms of minimal cut sets. Using the fuzzy arithmetic operations, collected data and modified expression the fuzzy reliability of gas power plant is evaluated and the obtained result is discussed. On the basis of obtained values of fuzzy reliability, it is concluded that the proposed approach may express the real life situation in a more flexible manner as compared to the other approach.
